Aims Metalloproteinases are proteolytic enzymes, which decompose the extracellular matrix, influence cardiac remodelling, and are inhibited by tissue inhibitor of metalloproteinases (TIMPs). Little is known about the prognostic impact of the TIMP-1/matrix metalloproteinase complex in patients with future cardiovascular death. Methods and results In 1979 patients with suspected coronary artery disease (CAD), TIMP-1 has been determined at baseline. Among 1945 (98.4%) patients with a mean follow-up period of 2.6 + 1.2 years, 75 patients died because of cardiovascular causes. Mean concentrations of TIMP-1 were higher among patients who experienced a fatal cardiovascular event than among those who did not (820 vs. 692 ng/mL; P , 0.001). Age and sex adjusted hazard ratio of future cardiovascular death associated with one standard deviation of TIMP-1 level, was 1.37 (95% CI: 1.17-1.61; P , 0.001). The hazard ratio remained nearly identical after adjustment for clinical and therapeutic confounders. B-type natriuretic peptide (2.75, 95% CI: 1.94-3.89; P , 0.001), C-reactive protein (1.79, 95% CI: 1.43-2.24; P , 0.001), and TIMP-1 (1.30, 95% CI: 1.07-1.58; P ¼ 0.008) were independently associated with future cardiovascular death. Conclusion In patients with CAD, TIMP-1 proves as an independent predictor for future cardiovascular death.
Introduction
Atherosclerosis and constrictive arterial remodelling probably occur as a result of an alteration in the local balance of the extracellular matrix. Atherosclerotic plaque evolution as well as structural changes of infarcted tissues are influenced by specific tissue matrix metalloproteinases (MMPs), a family of zinc-dependent endopeptidases and their endogenous tissue inhibitors which decisively control extracellular matrix turnover. 1, 2 Several studies have shown that extracellular matrix degradation by MMPs, specifically MMP-9, is involved in the pathogenesis of a wide spectrum of cardiovascular disorders, including atherosclerosis, restenosis, cardiomyopathy, congestive heart failure, myocardial infarction, and aortic aneurysm. 3, 4 Increased activity and concentration of MMP-9 in plaques might contribute to vulnerability as well as to increased levels of circulating MMP-9, which has been demonstrated to be associated with future cardiovascular events. 5 MMP activity is controlled by endogenous tissue inhibitors of metalloproteinases (TIMPs). There are four known family members which bind with varying affinities to different MMPs and thereby inhibit active forms of most MMPs. 6, 7 Regulation and maintenance of extracellular matrix homeostasis is the primary physiological role of TIMPs. However, these multi-functional proteins activate growth factor and inhibit angiogenesis and apoptosis. 8, 9 TIMP-1 is one of the best characterized TIMPs which binds with a high affinity to activated MMPs, and has complex roles in physiological and pathological tissue remodelling. 10, 11 In TIMP-1 knockout mice, TIMP-1 deficiency has been shown to amplify adverse left ventricular (LV) remodelling after myocardial infarction. 12 TIMP-1 appears to play an important role in regulation of LV structure and systolic function. 13, 14 Plasma TIMP-1 levels are elevated in patients with coronary disease. 15 In the Framingham heart study, total TIMP-1 was related to major cardiovascular risk factors, in particular hypertension which may influence vascular and cardiac remodelling via extracellular matrix degradation. 16 However, the direct mechanistic role of MMPs and TIMPs in the post-MI remodelling process has not been completely established and clinical studies evaluating the role of plasma TIMP-1 levels on future cardiovascular events are scant.
The aim of the present study was to investigate whether plasma TIMP-1 concentrations might constitute a risk biomarker for future cardiovascular death in a large cohort of patients with angiographically proven coronary artery disease (CAD). In particular, we examined the prognostic role of TIMP-1 in context of the novel biomarkers B-type natriuretic peptide (BNP) and C-reactive protein.
Methods

Study population
In all eligible patients with chest pain, coronary angiography was performed and relevant CAD was defined by .30% stenosis in at least one major coronary artery. Between June 1999 and February 2004, 1979 patients admitted to the Department of Medicine II of the Johannes Gutenberg-University, Mainz, Germany or the Bundeswehrzentralkrankenhaus, Koblenz, Germany with suspected CAD were enrolled in the AtheroGene study.
A description of the design of the AtheroGene study can be found in detail elsewhere. 17 For this study, we excluded patients without evidence of CAD as defined earlier and patients with evidence of significant concomitant diseases, in particular haemodynamically significant valvular heart disease, surgery or trauma within the previous month, known cardiomyopathy, known malignant diseases, febrile conditions, or use of oral anticoagulant therapy within the previous 4 weeks. Each patient completed a questionnaire that provided information about cardiovascular risk factors. Diabetes mellitus was diagnosed in patients with a history of dietary treatment, or medication for diabetes, or whose current fasting blood glucose level was .125 mg/dL. For measures of lipids and hypertension, we considered the absolute continuous values of high-density cholesterol, low density cholesterol, and triglycerides as well as systolic, diastolic, and mean arterial blood pressure. We used the systolic blood pressure values in below and above 125 mmHg according to the practice guidelines of the European Society of Hypertension for clinic, ambulatory, and self blood pressure measurement. 18 Patients were classified as currently smoking, as having smoked in the past (if they had stopped .4 weeks and ,40 years earlier), or as never having smoked (if they had never smoked or had stopped 40 or more years earlier).
Follow-up information was available for 1945 (98.4%) from 1979 patients and median follow-up time was 2.6 years (maximum 5.0). There were 75 deaths from cardiovascular causes, 33 deaths from other causes, and 47 non-fatal myocardial infarctions, and 49 nonfatal strokes. Information about the causes of death and clinical events was obtained from hospital and general-practitioner charts.
Study participants had German nationality. Participation was voluntary, and each patient gave written informed consent. The Ethics Committee of the University of Mainz approved the study.
Laboratory methods
In all study subjects' blood was drawn under standardized conditions before coronary angiography was performed. Samples were centrifuged at 4000 g for 10 min, divided into aliquots and frozen at 2808C until analysis. Serum TIMP-1 was measured with a commercially available enzyme linked immunosorbent assay (Human, Biotrak, ELISA System, Amersham Biosciences, USA).
Plasma BNP was determined using a fluorescence immunoassay (Biosite Diagnostics Inc., San Diego, CA, USA). The detection limit reported is ,5 pg/mL. The assay has an inter-assay coefficient of variation of near 10% and a recovery of 100% of added peptide was found. Cross-reactivity with other natriuretic peptides is negligible. 19 C-reactive protein was determined by a highly sensitive, latex particle-enhanced immunoassay (detection range of 0-20 mg/L, Roche Diagnostics, Mannheim, Germany). Lipid serum levels were measured immediately by routine methods.
Statistical analysis
Mean and/or median levels and proportions of baseline cardiovascular risk factors were calculated for all patients.
Data presented are percentage of patients or mean + SD or median and 25th/75th percentile for skewed variables. Association of baseline characteristics and survival is assessed by univariate Cox regression for continuous variables and by log-rank test for categorial variables. To investigate the association between TIMP-1 and survival, we used the Kaplan-Meier method and the log-rank test. Survival rates were calculated using the KaplanMeier method. The primary endpoint was death from cardiovascular causes. Data from patients who died from other causes were censored at the time of death. To normalize the distribution of skewed variables log transformation was performed. Additionally, to indicate predictive value of TIMP-1 level on the risk of cardiovascular death, various Cox regression models were carried out. The first model was adjusted for age and sex and the second, additionally, for traditional risk factors (body mass index, mean arterial blood pressure, diabetes, smoking status, and high density lipoprotein) as well as clinical and therapeutic variables [extent of vessel disease, presence or absence of acute coronary syndrome, angiotensin-converting enzyme (ACE)-inhibitors, statin and betablocker therapy, and serum creatinine level]. Further adjustment was performed for ejection fraction (Model 3) and finally for other cardiovascular biomarkers (BNP and C-reactive protein) (Model 4). Analyses were performed by constructing Cox regression models comparing one standard deviation and the thirds of TIMP-1 level. In order to clarify if the influence of TIMP-1 is different in patients presenting traditional risk factors from the influence in patients without, several subgroup analyses were carried out. Hazard ratios and 95% confidence intervals were reported.
As P-values were not adjusted for multiple testing they have to be considered as descriptive. All computations were carried out using the SPSS Version 11.05 programme and R2.0. Table 1 provides the baseline characteristics of the 1945 study participants and TIMP-1 level was normally distributed. It ranged from 6.0-2667 ng/mL, with a mean (+SD) of 697 + 223, a median of 676, an interquartile range of 561-802 ng/mL. The mean baseline level of TIMP-1 activity was higher among those who died from cardiovascular causes than among those who did not (820 vs. 692 ng/mL; P , 0.001). There was no difference in TIMP-1 concentration between those individuals who developed and who did not develop a non-fatal myocardial infarction (675 vs. 698 ng/ mL; P ¼ 0.49). As expected, in patients with future cardiovascular death BNP (P , 0.001), C-reactive protein (P , 0.001), and creatinine (P , 0.001) were elevated.
Results
Baseline characteristics
Predictors of TIMP-1 Table 2 outlines the mean, respectively, median levels or correlation coefficients of inflammatory markers, such as TIMP-1, C-reactive protein, and BNP according to the prevalence of traditional risk factors and clinical variables. TIMP-1 was higher among patients with diabetes, and severe vessel disease. Patients receiving statin medication had lower TIMP-1 levels. Interestingly, TIMP-1 levels correlated inversely with smoking history. No difference in TIMP-1 plasma levels was observed between patients presenting with stable angina or acute coronary syndrome. Figure 1 displays the Kaplan-Meier curves for eventfree survival according to thirds of TIMP-1 level. The unadjusted rate of cardiovascular death was highest in patients within the upper third of TIMP-1 level. Importantly, similar results have been achieved if analysis was stratified according to patients presenting with stable angina (Figure 2 ) and acute coronary syndrome (Figure 3) . Table 3 presents the hazard ratios for cardiovascular death associated with one standard deviation and thirds of TIMP-1 level. To assess the predictive value of TIMP-1 additional to other risk factors, we used various Cox regression models. The hazard ratio for future cardiovascular death increased with increasing thirds (P ¼ 0.001) such as patients within the highest third of TIMP-1 level had a 2.54-fold (95% CI Table 3 , Model 4) also did not attenuate the hazard ratio within the highest third of TIMP-1 level compared with the lowest third.
TIMP-1 and future cardiovascular events
In Table 4 shows hazard ratios of one standard deviation of TIMP-1 adjusted for age and sex obtained in subgroup analysis in groups according to categorized risk factors. In particular, TIMP-1 levels were strongly predictive in patients with systolic blood pressure over 125 mmHg.
Comparative analyses of cardiovascular biomarkers
To finally place the predictive power of TIMP-1 into the context of that obtained from the novel biological markers BNP and C-reactive protein (Figure 4) , we performed a series of Cox regression analyses. If introduced separately into a model adjusting for age, sex, and traditional risk factors, BNP revealed the strongest association for future cardiovascular death (2.75, 95% CI: 1.94-3.89; P , 0.001), whereas the predictive power of TIMP-1 and C-reactive protein was of similar magnitude.
Discussion
The current prospective data suggest TIMP-1 as a risk predictor for cardiovascular death in a large cohort of patients with angiographically documented CAD. This association does not change appreciably after adjustment for most potential confounders and is present in all subgroups evaluated, in particular in hypertensive individuals.
Many pathophysiological mechanisms contribute to the rupture of an unstable plaque, such as inflammation, prothrombotic and thrombotic activity, shear stress, endothelial responsiveness to dilatation, collagen degradation, intraplaque angiogenesis, and the morphological characteristics of the plaque itself. 20, 21 The vulnerability of atherosclerotic plaques is the result of a dynamic process between production and degradation of collagen from smooth muscle cells. 22 In addition, derangements in the dynamic balance of cardiac extracellular matrix accumulation and breakdown For the association of TIMP-1, C-reactive protein and, BNP with categorical variables, data are presented as mean (SD) or median and 25th/75th percentile for skewed variables. For normally distributed variables, P-values were computed with t-tests; for skewed variables, P-values were computed with the Mann-Whitney U-test. For the association of TIMP-1, C-reactive protein and BNP with continuous variables, Spearman correlation coefficients are presented. Figure 1 Cumulative incidence of cardiovascular death according to TIMP-1 tertiles in all patients. are additionally associated with LV remodelling, which can cause LV dilatation and LV hypertrophy (LVH). 23 The dynamic process of matrix collagen is mainly controlled by locally produced extracellular MMPs and their inhibitors, TIMPs. TIMPs are proteins which regulate the connective tissue metabolism by forming a high affinity, irreversible complexes with the active form of the MMPs, rendering them inactive. 24 The MMPs family of enzymes contributes in both normal and pathological tissue remodelling. Inappropriate remodelling underlies the pathogenesis of advanced atherosclerotic plaques, the substrate of acute cardiovascular syndromes. In this context, serum levels of MMP-9 and TIMP-1 are significantly higher in patients with stable and unstable angina and myocardial infarction than those of healthy controls and are raised with or without a rise in cardiac enzymes. 25, 26 Serum MMPs, TIMPs, and pro-inflammatory cytokines play an important role in the pathophysiology of the acute coronary syndromes. 27 The presence of proinflammatory cytokines and other inflammatory mediators within the micro-environment of an atherosclerotic plaque leads to an imbalance between the MMPs and TIMPs, which might consequently lead to plaque rupture. Recent experimental data suggest that TIMP-1, in certain settings, may be pro-atherosclerotic. 28 An increased plasma TIMP-1 level may be an epiphenomenon or an adaptive response to an increase in MMP activity, the latter being promoted by cardiovascular risk factors.
Independent of its impact on atherosclerotic plaque stability, TIMPs seem to substantially contribute to the maintenance of LV geometry and function. 29 In response to significant haemodynamic alterations, LV remodelling is characterized by changes of myocardial extracellular matrix. 16 Plasma TIMP-1 level may be a marker of cardiovascular extracellular matrix remodelling, a process that may be enhanced with increasing cardiovascular risk.
Several traditional cardiovascular risk factors, in particular hypertension are known to influence LVH. 30, 31 In particular, we note an association between circulating TIMP-1 levels and the prevalence of hypertension. Hypertension leads to structural changes to the cardiac and vascular extracellular matrix, and plasma TIMP-1 levels are increased and associated with LVH and LV diastolic impairment in some, 14, 32 but not all studies. 33 Thus, TIMP-1 apparently represents a marker of vascular remodelling, which in turn may lead to increased LV afterload with subsequent LVH, if the balance of enzymes responsible for matrix composition is disturbed. 2 Alternatively, elevated TIMP-1 levels may reflect increased collagen content of the cardiac extracellular matrix, which adversely affects LV systolic function. Taken together, the plasma TIMP-1 level can be considered as an important marker of the cardiovascular extracellular matrix remodelling process, that may increase with exaggerating cardiovascular risk, in particular in hypertensive individuals. Treatment of hypertension with ACE-inhibitors decreases TIMP-1 levels 34 and exerts positive effects in LV remodelling process. 27 Hence, TIMP-1 might not only be a cardiovascular risk biomarker but could also be considered as a marker for close monitoring of antihypertensive therapy, a hypothesis which should be addressed prospectively.
Limitations
The AtheroGene register allows to determine different types of novel biomarkers in a prospective manner. It has to be kept in mind that this is an observational study. Results have to be confirmed in further prospective studies, which directly address TIMP as a cardiovascular predictor.
Measurement of all inflammatory markers was performed on samples that were stored deep-frozen until analysis. We, therefore, cannot exclude the possibility of protein degradation. However, this should not affect the validity of our results, as all patients have been handled identically. Furthermore, as expected, only a relatively small number of events has been registered during follow-up in this intermediate risk population which may lead to unstable results especially in the multi-variate survival analysis.
MMP-activity, especially MMP-9 activity, has not been determined. As the current measure indicated the MMP-9/TIMP-1 complex and MMP-9 raises in parallel to TIMP-1, measurement of TIMP-1 alone might indicate the system activity.
Patients suffering from CAD and elevated levels of TIMP-1 are at increased risk for future cardiovascular death. Although TIMP-1 related to the presence of various cardiovascular risk 
Figure 4
Hazard ratio and 95% CI of cardiovascular death of each biomarker.
Hazard ratio and 95% CI of cardiovascular death associated with increase of one standard deviation to account for the different ranges of the values of the different variables. Each biomarker was entered separately into a model along with the classical risk factors comprising age, sex, body mass index, mean arterial blood pressure, diabetes, smoking status, and HDL. Age, body mass index, mean arterial blood pressure, and HDL entered the model as continuous variables. BNP and C-reactive protein were log-transformed.
factors, in particular hypertension, it remains as a risk predictor giving important additional information to other risk factors. Thus, TIMP-1 might influence LV geometric processes, acts as a prognostic marker of cardiovascular risk, and might be modulated by antihypertensive treatment.
